Partial decay widths of various decay channels of the X(1835) are evaluated in the 3 P0 quark model, assuming that the X(1835) is a N N bound state with the quantum number assignment
I. INTRODUCTION
An enhancement was observed by the BES Collaboration [1] in the proton-antiproton (pp) invariant mass spectrum in the radiative decay J/ψ → γpp. It was concluded that the enhancement has properties consistent with ei- More recently the BES Collaboration [2] analyzed the decay channel J/ψ → γπ + π − η ′ and observed a resonance, the X(1835) with high statistics in the π + π − η ′ invariant mass spectrum, with the product branching fraction Br(J/ψ → γX(1835))Br(X(1835) → π + π − η ′ ) = (2.2 ± 0.4(stat.) ± 0.4(syst.)) × 10 −4 . The mass and width of the X(1835) are determined to be 1833.7 ± 6.1(stat) ± 2.7(syst) MeV and 67.7 ± 20.3(stat) ± 7.7(syst) MeV, respectively. The possibility that the X(1835) and the resonance reported in Ref. [1] are the same entity was checked in Ref. [2] . Redoing the S-wave Breit-Wigner fit to the pp invariant mass spectrum of Ref. [1] , including the effect of final-state-interactions on the shape of the pp mass spectrum [3, 4] , yields a mass M = 1831 ± 7
MeV and a width Γ < 153 MeV which are consistent with the X(1835) observables in Ref. [2] . The X (1835) was confirmed by the BESIII experiment [5] with a statistical significance larger than 20σ. Up to now, however, the spin and parity of the X(1835) has not been well determined.
The nature of the X(1835) is still an open question though numbers of theoretical works have been done to interpret this particle. Among the interpretations are the N N bound state [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , the baryonium with sizable gluon content [17] , the pseudoscalar glueball [18] [19] [20] [21] , the radial excitation of the η ′ [22] [23] [24] [25] , and the η c -glueball mixture [26, 27] . The N N bound state interpretation has been the most natural one since the X(1835) resonance is a prime candidate for the source of the pp invariant mass enhancement in J/ψ → γpp reaction. However, the fact that the X(1835) resonance is not observed in the π + π − η invariant mass spectrum has been an outstanding challenge to the N N bound state interpretation.
The BESII measurement [1] of the photon polar angle distribution in radiative J/ψ decays favors a J = 0 pp system, but the possibility of a J = 1 resonance is not excluded. However, the recent BESIII experiment [5] reveals that the polar angle of the photon in the process J/ψ → γX(1835) agrees well with the form 1 + cos θ γ , which indicates that the X(1835) is either a scalar or pseudoscalar meson. Therefore, interpreting the X(1835)
as an N N bound state means that the X(1835) could be
The investigations in Ref. [28] [29] [30] N N bound state might be the only candidate for the X(1835). Studies of the J/ψ decays J/ψ → γπ + π − η and γ pp in Ref. [6, 7] in a semi-phenomenological potential model reveal that the explanation of both the reactions may be given by a broad 11 S 0 N N bound state near the N N threshold. However, the investigations of the spectrum of N N bound states in microscopically derived N N potentials [31] and in phenomenological potentials [30] have not found such a 11 S 0 N N bound state. The transition amplitude of X(1835) to two mesons takes the form
where Φ X ( p) is the N N bound state wave function of the X(1835) in momentum space, normalized according to
k is the relative momentum between the two final mesons, and p the relative momentum between the nucleon and antinucleon of the X(1835) in the center-of-mass sys-
is the transition amplitude of a free nucleon-antinucleon pair to two mesons.
In this work we study N N annihilations to two mesons in the A2 quark line model, as described in [32] , where the effective quark annihilation operator takes the quantum numbers of the vacuum ( 3 P 0 , isospin I = 0 and color singlet). Meson and baryon decays and NN annihilation into two mesons are well described phenomenologically using such an effective quark-antiquark vertex. At least from meson decays, this approximation has been given a rigorous basis in strong-coupling QCD. The nonperturbative3 P 0 vertex is defined according to Ref.
[32]
where λ is the effective coupling strength of the 
with 
where N B = (3a 2 /π) 3/2 with a being the baryon radial parameter, and χ B is the spin-color-flavor wave function of baryons.
The transition amplitude of N N annihilations to two mesons can be written in terms of the partial waves of the initial and final states,
In the low-momentum approximation, the partial wave
The index i represents the initial state In the low-momentum approximation, G L l (k) in eq. (7) are derived as
with
for the annihilation processes of the initial 11 S 0 N N state to two s-wave mesons, and
for the reactions of the initial 11 S 0 N N state to the final states of one s-wave and one p-wave mesons, where
is for the final state with one p-wave meson of spin J = 0 (J = 2). B, B 1 and C 1 in eq. (10) are functions of the size parameters a and b, taking the
Note that we have let F L l (p) in eq. (7) the same for all annihilation channels just for convenience. 
The transition amplitude of annihilations of N N bound states takes the form,
where ψ I LSJ (p) is the radial wave function of the initial N N bound state in momentum space. The partial decay width for the transition of N N bound states to two mesons is given by
where M is the mass of the N N bound state, and
,2 is the energy of outgoing mesons with mass m 1,2 and momentum k 1,2 . With the explicit form of the transition amplitude given by Eq. (7), the partial decay width for the X(1835) annihilation to two mesons is derived as
and the kinematical phase-space factor defined by
The spin-flavor weights f |O A2 |i are listed in Table I for
The model dependence in Eq.(14) may be reduced by choosing a simplified phenomenological approach that has been applied in studies of two-meson branching ratios in nucleon-antinucleon annihilation [33] and radiative protonium annihi-lation [34] . Namely, instead of the phase space factor of Eq. (16) obtained in the harmonic oscillator approximation for the hadron wave function, we use a kinematical phase-space factor of the phenomenological form
where as shown in Eq. (14) . As an example, we shown in Table   I 
in the basis
where α and β are given in terms of the pseudoscalar mixing angle θ by the relation
We take the canonical value θ = −10.7 o derived from the quadratic mass formula, which leads to α ≈ β ≈ 1/ √ 2.
For the X(1835) and broad mesons we average over the mass spectrum f (µ), that is
with the mass spectrum f (µ) as in Ref. [32] 
where C is a normalization constant, and Γ X→M1M2 are derived in eq. (14) .
One sees in Table I that 
Considering that the KK decay channel is usually strongly suppressed, one may estimate Γ f0(1370)→π + π − /Γ tol ∼ 0.5 and hence
The a 0 (1450) meson decays dominantly to πη, πη ′ and KK channels, with the experimental values
We may estimate the contributions of the πa 0 (1450) intermediate channel to the final states ηπ + π − and
Assuming that there is no interference between the contributions of the πa 0 (1450) and f 0 (1370)η intermediate channels, one may derive
∼ 0.05 (27) Given that the branching ratio Br(J/ψ → γX (1835)) is in order of 10 −4 to 10 −3 [51] , as other one photon J/ψ radiative decays, the theoretical estimations in eq. (27) indicates that the product branching fraction Br(J/ψ → γX(1835))Br(X(1835) → ππη ′ ) is in order of 10 −5 to 10 −4 , which is line with the experimental data. It is natural to interpret the X(1835) as the second radial excitation of η ′ as it is observed in the η ′ ππ channel. A quark model study [25] shows that the X(1835) decays to KK * and K * K * states with large partial decay widths. The product branching fraction Br(J/ψ → γX)Br(X → KK * , K * K * ) shall be much larger than Br(J/ψ → γX)Br(X → ππη ′ ). Whether the X(1835) could be observed in the KK * and K * K * channels with large product branching fractions may tell if it is a radial excitation of η ′ .
